This paper describes the dual-wavelength operation in the 1060 nm region by applying an ytterbium-doped gain medium fiber and a highly nonlinear fiber (HNLF) as the wavelength selective filter. Due to its nonlinear properties and birefringence co-efficient, the HNLF also functions as a stabilizer for dual-wavelength fiber laser operation. Results from the experiment show that the fluctuated power of the system is less than 0.6 dB when continuously run for 20 min, indicating the system's stability. The spacing of the dual-wavelength output is obtained by fine-tuning the polarization controller within the fiber ring laser setup. The spacing ranges between 2.7 nm-21.05 nm.
Introduction
Interest in optical fiber laser research has gained popularity in recent years because of its key features, such as being a key enabling technology for optical sensing, a characterization of photonics devices and having optical instrumentation [1] . When compared to solid-state semiconductors, optical fiber lasers have several added advantages in terms of higher thermal resistance, better quality of beam and good stability. Within fiber laser topics, dual-wavelength fiber lasers (DWFLs) attract considerable attention for their many important applications, such as high soliton pulses bit-rate [2] , microwave carrier generation [3] , and photonic filters [4] . These applications are very important in photonics field, and have added considerable focus for DWFL optimization.
In recent years, a number of reports have been published in erbium-doped fiber (EDF)-based DWFL research. Several techniques or setups have been suggested for optimal designs of EDF-based DWFLs, such as introducing a filter [5, 6] , applying a fiber bragg grating (FBG) [7] in the experiments and the polarization hole burning [8] method. Currently, many multi-wavelength laser-based wavelength selective filters are
Laser Physics
Generation of dual-wavelength ytterbiumdoped fibre laser using a highly nonlinear fibre M A M Salim 1 , Saaidal R Azzuhri 2 , M I M Abdul Khudus 3 , M Z A Razak 4 , N S Nasir 5 and I S Amiri 6, 7, 8 well reported and demonstrated using wavelength-modulation or intensity-modulation techniques. For comparison, Bianchetti et al [9] employed the core-offset Mach-Zehnder interferometer (MZI) with an SMF/NZ-DSF/SMF structure, which works as a wavelength selective filter in order to generate single, double and triple wavelengths by controlling the polarization state in the erbium doped fiber laser. They used a splicer machine to connect the splicing joints between structures. Another similar technique has been done by Arturo et al [10] using an SMF|Yb-doped-DCPCF|SMF structure in an ytterbium-doped fiber laser where the Yb-doped-DCPCF's roles were gain medium and MZI. However, our proposed work uses an HNLF-based MZI, which has an easy installation into the ring cavity. In this work, we are focusing on DWFL generation in the ytterbium-doped fiber (YDF) [11] , as a DWFL based on YDF gain medium still has much to be explored. Utilizing the FBG as wavelength filter is still a popular method in both EDF and YDF [12] [13] [14] . Ahmad et al reported the YDF-based DWFL using an optical channel selector and an arrayed waveguide grating [15, 16] . Furthermore, the YDF has a broader spectrum range (970-1200 nm [17] ), which is a plus point when compared to the spectrum range of an EDF (1550-1625 nm). Additionally, both optical base coherence tomography and optical space communication [18] applications are more practical within the 1-micron region, and further analysis of a DWFL in the YDF gain medium is highly desirable.
In this paper, we analyze the dual-wavelength operation of an ytterbium-doped fiber laser (YDFL), with the HNLF functioning as the wavelength selective filter. The dual-wavelength output is carefully tuned using a polarization controller (PC) within the fiber ring laser. We obtained a stable and reliable dual-wavelength output using our setup, confirming the potential usage of the HNLF in the YDF-based dual-wavelength operation. Figure 1 illustrates the design of our DWFL ring cavity, using an HNLF-based MZI in the 1-micron region. A 970-nm laser diode (LD) (Oclaro LC96A74P-20R) is pumped into the 980 nm input port of a wavelength division multiplexer (WDM). The output port of the WDM is connected to the 70 cm (length) DF1100 Fibercore YDF. From the specification, the peak absorption of the YDF is 1300 dB m −1 at 977 nm. The output of the YDF gain medium is coupled to an optical isolator in order to ensure a clockwise ring laser operation. Following that, the output of isolator is linked to the PC, and subsequently to the HNLF, which is spliced to a 0.5 m standard single mode fiber pigtail with an FC/PC connector at both ends. Referring to the HNLF manual specification, the splicing loss is about 0.1 dB and the polarization extinction ratio is about 18 dB. The HNLF used in this experiment is from a Furukawa model, with a 1531 nm nominal zero dispersion wavelength (λ 0 ), 0.73 dB km −1 fiber attenuation (α), 0.007 ps (nm 2 km) −1 dispersion slope (dD c /dλ) and 10.8 W −1 km −1 nonlinear parameter (γ). This HNLF output is then connected to the input of the 90/10 coupler. The 90% port of the OC is connected to the 1060 nm port of the WDM to complete the ring laser cavity. The output of the system is analyzed via the 10% port of the coupler connected to the optical spectrum analyzer (OSA). The OSA used in our experiment is a YOKOGAWA AQ6373 model, with a resolution of 0.02 nm.
Experimental setup
In this work, the wavelength selective filter in the proposed laser has a structure of SMF-HNLF-SMF, which is optimized in the C-band region (1550 nm), acting as a multimode fiber for the 1040 nm region. The filter consists of 100 m of HNLF where both ends are spliced with 0.5 m of SMF pigtail type G.652.D. The G.652.D fiber is optimized for operation in the expanded transmission window from 1310 nm-1550 nm continuously, and to specifically eliminate the water peak at 1383 nm for the full spectrum operation.
Thus, the generation of a dual-wavelength laser by using a spatial mode-beating filter [19] begins by arranging the HNLF into the YDF laser ring cavity, where, at the first point between the output port of the PC and the input port of the HNLF, the occurrence of the spatial mode beating happens between the guided mode LP01 and LP11, where both modes prop agate inside the HNLF with a cut-off wavelength of 1260 nm that acts as a multimode optical fiber for the 1040 nm region. The anti-symmetric LP11 and symmetric LP01 modes excite through the multimode section with the differential propagation constant [19] :
whereas the beating length is given by [20, 21] :
and the wavelength spacing determined by [10, 22] :
where λ is the wavelength, Δn is the effective refractive index difference between the core and cladding and L is the length of filter (HNLF). At the second point, the fraction of light launched back into the single-mode waveguide from the multimode section is determined by the overlap of the composite electric field with the single-mode waveguide field. The optical fractions that are launched back towards the direction of the single mode fiber from the multimodal section are determined by the overlap of the composite electric field. When there is a huge number of spatial-beat lengths in the multimode section, the wavelength-dependent transfer function will become a comb and the lasing will happen favorably at the spectrum peak. Moreover, the wavelength spacing is dependent on the length of the multimode section and the differential of the propagation constant. The amplified spontaneous emission (ASE) transmission spectrum of the HNLF-based MZI filter is shown in figure 2 . The purple line of the plot represents the output of the ASE with the HNLF and the blue line denoted as the ASE without the HNLF. From the plot, the comb-like spectrum is visible with the HNLF attached to it. The fringe separation did not remain the same irrespective of the PC position. From equation (3) in the manuscript, we expect the separation of the fringe patterns to depend on both the length of the filter and the effective refractive index difference. The larger the both values, the narrower the separation of the fringe pattern. Referring to figure 2, there are seven consecutive comb-like profiles within the 1055 nm-1085 nm region where all fringe separations do not remain constant. The broadest measured fringe separation is about 6.55 nm between the wavelengths of 1055.25 nm-1061.8 nm, whereas the narrowest fringe separation is about 3.3 nm between wavelengths of 1078.75-1082.05 nm. This comb-like interference spectrum is the source of the lasing when the setup is completed as depicted in figure 1 . The lasing is generated from the comblike spectrum and by fine adjustment of the PC. The system can generate a single lasing output (or multi-wavelength), and can also switch to other peaks, if tuned correctly. The employment of the HNLF in this work also enhances the nonlinearity effect in the cavity, thus giving the optimum result in generating the dual-wavelength laser, such as is shown in figure 4 .
Results and discussion
In this experiment, the lasing threshold was achieved at 62 mW of LD pump power; the plot is shown figure 3 . Subsequently, by slowly increasing the pump power, a more stable output can be obtained from the system. When the PC was adjusted carefully, we achieved the dual-wavelength laser as depicted in figure 4 , with wavelengths of 1042.92 and 1045.62 nm. The generated dual-wavelength spacing is about 2.7 nm, which is due to the intra cavity birefringence. The side-mode suppression ratio (SMSR) of our operation is measured at 54 dB, as shown in figure 4 (a). This shows the emphasis of the HNLF in this work, also enhancing the nonlinearity in the ring cavity in contrast to the generation of the dual-wavelength without the HNLF attached in the setup, with the SMSR at only 27 dB. In this experiment, using the same LD power, we finely tuned the PC to generate different sets of dual-wavelength lasing. Five sets of outputs with different wavelength spacings were achieved by carefully tuning the PC, which is depicted in figure 5 . Spectral shifting of light was accomplished by adjusting the PC so as to change the polarization states when light enters the ring cavity. Tuning of the PC causes a rotation of the polarization states and allows the continuous adjustment of birefringence within the ring cavity, which balances the gain and loss of the lasing wavelengths. For instance, if the pump laser polarization direction is at 45° to the principal axis, two or several polarization states may oscillate simultaneously Laser Phys. 28 (2018) 115107 due to the anisotropic gain effect resulting multi-wavelength operation being achieved [23] . The SMSR for all five sets of outputs is 54 dB. The high SMSR indicates that a very stable dual wavelength laser was achieved in this set up. Referring to figure 5 All of our generated dual-wavelength sets have undergone a stability in the period of 20 min. Figures 6 and 7 indicate the scan of dual-wavelength stability test. For brevity, we only show the stability test over the narrowest wavelength spacing, which is 2.70 nm and the broadest wavelength spacing, which is 21.05 nm. Both results show the maximum power fluctuation to be just 0.6 dB and the wavelength fluctuation is less than 0.02 nm. Results obtained from our setup shows that this system is proven to be very stable and reliable when tested at room temperature.
Conclusion
This paper demonstrates the dual-wavelength operation on a YDFL using an HNLF as a wavelength selective filter and by finely tuning the PC. We obtained five outputs of dual-wavelength sets, with spacing between wavelengths ranging from 2.70 nm-21.05 nm. The SMSR obtained from our setup is approximately 54 dB. 
